Recent studies on the dissolution of cartilage matrix by vitamin A in vivo and in vitro have indicated that the vitamin acts, at least in part, by releasing endogenous acid proteases from cartilage cells (1) (2) (3) (4) (5) . Dingle (6) found that vitamin A alcohol in vitro liberated acid protease(s) from a particulate fraction of rat liver homogenized in 0.25 M sucrose. This fraction of tissue homogenates contained the bulk of acid hydrolases intimately bound to lysosomes, cytoplasmic organelles described by de Duve (7) .
Observations from this laboratory, based on earlier experiments by Dingle, suggested that the induction of hypervitaminosis A in vivo caused a similar release of acid protease from lysosomes (8, 9) ; the action of such enzymes was held responsible for the degradation of protein-polysaccharide complexes in connective tissue. Morphologic expressions of this phenomenon could be seen in rabbit ear and articular cartilage (8) and in the connective tissue (9) of amphibian tails, tentacles, and chondrocranium. These studies, and others carried out at the Strangeways Research Laboratory in Cambridge, England, have also indicated that cortisone and hydrocortisone antagonized the effects of excess vitamin A (10), perhaps by stabilizing the lysosomes of tissues against the vitamin and other injurious agents. Hydrocortisone retarded the release of acid hydrolases from a large granule fraction prepared from rat and rabbit liver after traumatic shock (11) or the injection of bacterial endotoxins (12) , and diminished the release effected by mercury arc irradiation (13) . It adrenal steroids might partially protect isolated lysosomes against an excess of vitamin A in vivo and in vitro. Evidence presented in this paper suggests that an excess of vitamin A, when fed to young rabbits, caused the augmented release of acid hydrolases from a large granule fraction of liver homogenates in vitro; an appreciable increase in the nonsedimentable activity of these enzymes in vivo was also observed. Depletion of cartilage matrix in hypervitaminotic animals was associated with an increased liberation of acid hydrolases from cartilage. Both effects were diminished in animals given cortisone together with the vitamin. Hydrocortisone added to rabbit liver homogenates partially antagonized the effects of an excess of vitamin A administered during life.
MATERIALS AND METHODS
Animals. Young hybrid, male, albino rabbits were obtained from commercial sources and fed a stock laboratory diet. They weighed between 800 and 1,000 g. Vitamin A. The yellow crystals of Vitamin A acid 1 were suspended in corn oil, 50 mg per ml, before feeding animals by stomach tube. Vitamin A alcohol 2 was dissolved in anhydrous ethanol before use. The vitamin A palmitate 2 was dissolved in cottonseed oil, 106 international units per ml, and was also administered by stomach tube.
Cortisone acetate. Cortisone acetate in aqueous suspension 3 was given intramuscularly, 50 mg per kg, for 3 days. On day 4, 50 mg of hydrocortisone hemisuccinate (Solu-Cortef) 4 was given intravenously 30 minutes before death of animals by air embolus. For in vitro experiments, hydrocortisone was added to the whole homogenates 30 minutes before further fractionation.
Incubation and irradiation. These procedures are described in detail elsewhere (12) . Briefly, a large granule 1 Hoffman-LaRoche Co., Nutley, N. J. 2 Nutritional Biochemicals, Inc., Cleveland, Ohio. 3 Philadelphia Ampoule Laboratories, Philadelphia, Pa. fraction of rabbit liver homogenized in 0.25 M sucrose was isolated between 800 X g for 10 minutes and 15,000 X g for 20 minutes in a Servall superspeed centrifuge.
Samples of the large granule fraction were either incubated at 37°C for various times, or the fragility of lysosomes was tested by incubating them in the presence of mercury-arc irradiation, a procedure leading to the formation of lipid peroxides (14) and release of lysosomal enzymes (13) . After incubation and irradiation, fractions were again centrifuged at 15,000 X g for 20 minutes, and the enzyme activities of the supernatant fluids determined. These samples are termed "incubated" and "irradiated." "Total" activity represented activity released into the 15,000 X g supernatant fluid of the large granule fraction after it had been mechanically disintegrated in a Waring Blendor for 5 minutes. "Unsedimentable" activity represented enzyme activity in the original homogenate which was unsedimentable after an initial 15,000 X g, 20-minute centrifugation. Our use of this term differs slightly from that of de Duve (7) . These steps are summarized in (18) . Details of these procedures have been described before (8) .
Tabulation of results. Paired samples were used in most experiments, and the appropriate t test performed. Results are expressed as percentage of total enzyme activity of the large granule fraction, or in absolute units, micrograms substrate hydrolyzed per 100 ,g protein per hour. It must be emphasized that changes in protein concentration could therefore alter these values, independent of any changes in enzyme activity. In cases where the effects of several agents were to be compared, all data have been transposed to percentages of control values.
Viscosity studies. Samples of a purified chondromucoprotein from bovine nasal septum (PP-L) in powdered form were generously provided by Dr. Maxwell Schubert. The preparation and properties of this material are described elsewhere (19) . Solutions, 0.5% wt/vol, in 0.1 M acetate buffer at pH 4.5 were freshly prepared daily. Viscosities were determined in Ostwald viscosimeters having a water flow time of 30 to 40 seconds at 370 C. PP-L solutions, 2.5 ml, were placed together with 0.5-ml samples of the 15,000 X g supernatant fluids of the irradiated large granule fractions prepared from the livers of normal and vitamin A-treated rabbits. Sucrose, 0.5 ml, was added to control samples; in some experiments, cysteine hydrochloride, 10 mmoles, or iodoacetamide, 10 mmoles, was also added to each viscosimeter.
Incubation of cartilage slices. Immediately after sacrifice, ears were removed from rabbits in a cold room at 40 C. Skin and perichondrial tissues containing soft tissue and blood vessels were dissected free, and the thin, avascular cartilagenous plates were sliced into squares (0.5 cm X 0.5 cm). Slices obtained from both ears of each animal were incubated at 37°C for 18 hours in 40 ml of acetate buffer, pH 4.5, 0.1 M. The supernatant medium was decanted, filtered through Whatman no. 1 filter paper, and the slices washed three times in acetone The fractions sedimenting between 800 and 15,000 X g were incubated and irradiated in vitro at 370 C for times shown. They were then centrifuged for 20 minutes at 15,000 X g and the enzyme activity of the supernatant fluid determined. C = control liver fraction incubated at 370 C; C + UV = control liver fraction, incubated and irradiated by a mercury arc lamp at 370 C; A = liver fractions incubated with vitamin A alcohol, 3.5 X 10' M at 370 C; and A + UV = liver fraction incubated with vitamin A alcohol 3.5 x 10' at 370 C, and irradiated. and dried in vacuo over CaCl2 to a constant weight. Enzyme activities were determined in samples of the buffer medium, and expressed as micrograms substrate hydrolyzed per milligram dry weight of the cartilage slices.
RESULTS
The effects of vitamin A alcohol in vitro on release of acid hydrolases from a large granule fraction of rabbit liver. Dingle (6) had found that 3.5 x 10-' M vitamin A alcohol would release bound protease from the large granule fraction of rat liver. This amount of the vitamin was added in ethanol to the large granule fraction of rabbit liver; an equal volume of ethanol (0.25 ml per 50 ml) was added to control suspensions. Fractions, 20 ml, were incubated and irradiated for periods indicated in Figure 1 , when 5-ml portions were withdrawn. It may be seen that the vitamin in vitro caused gradual release of acid phosphatase and beta-glucuronidase, more being released from those fractions which were exposed to the mercury beam. A period of 40 minutes' incubation was chosen for subsequent experiments. Data in Table II show that three acid hydrolases are released in roughly parallel fashion. Enzyme activities of unsedimentable and total fractions did not differ significantly from controls, since the vitamin was added in vitro. The results suggest that all three enzymes were released as a result of the addition of vitamin A, and that the vitamin augmented the release effected by mercury arc irradiation. This is compatible with an effect upon the stability of lysosomes. The effect of vitamin A acid in vivo on release of acid hydrolases from a large granule fraction of rabbit liver. To determine whether the in vivo effect of vitamin A in excess would be similar to the in vitro action, vitamin A acid was chosen. This form of the vitamin is not stored in the liver to any appreciable degree (20) , and therefore the amount still present in subsequent in vitro studies would be negligible. An earlier study (8) has indicated that significant cartilage lesions may be effected by 250 mg of vitamin A acid a day given orally. To determine whether a lesser amount, not associated with epilation, weight loss, or other toxicity, would affect liver lysosomes, vitamin A acid was given for four successive days at a dose of 50 mg per kg in corn oil, while controls received corn oil alone. The last dose was given one hour before sacrifice. In Figure 2 the results of this treatment upon the subsequent release of acid protease in vitro may be seen. In each case, the vitamin A-treated fractions released more enzyme than did controls. This effect was magnified in fractions exposed to the mercury beam. In subsequent experiments, an incubation period of 40 minutes was used, and the vitamin was given at a dose of 50 mg per kg. In Table I (Table II) suggests that the stabilizing effect of adrenal corticoids is relatively independent of the presence of the vitamin.
When animals were made hypervitaminotic and hydrocortisone, 10-a M, was added in vitro, release of hydrolases was retarded, both in incubated and irradiated fractions (Table II) . This suggested that steroids given after the initial insult to the particles could still serve to stabilize the sys- (4, 8) . Yet this form of the vitamin, which is eventually stored as an ester in the liver, is unable to release acid protease from rat liver particles in vitro and is similarly inactive to causing damage to embryonic cartilage in organ culture (22) . When the palmitate was administered to rabbits, the expected cartilage changes followed (8) , but as may be seen in Table II , no effects on hepatic lysosomes could be demonstrated. A modest increase of unsedimentable activity was noted, but no other changes were seen. This would imply that the esterified vitamin is not active upon lysosomes of the tissues in which it is chieflv stored. The effect of enzyme(s) front the large granules of rabbit liver on a chondromucoprotein. To study whether the protease (s) released from the large granule fraction of rabbit liver could be held responsible for degradation of connective tissue following hypervitaminosis A, viscosities of PP-L were determined in the presence of 1 ) sucrose alone, 2) the supernatant fluid of a large granule fraction prepared from a normal rabbit and subsequently exposed to a mercury beam, and 3) the supernatant fluid of a similar fraction from a rabbit given 50 mg per kg of vitamin A acid for four days. The results of such an experiment are shown in Figure 3 . There was insufficient proteolytic activity in nonirradiated fractions to change the viscosity of PP-L. When similar incubations were carried out in the presence of 10 mmoles cysteine, no increase in the viscosity-reducing effects of the fractions could be detected, and 10 mmoles iodoacetamide did not cause any change in the opposite direction. Changes in viscosity of The effect of hypervitaminosis A on release of hydrolases from cartilage slices in vitro. Cartilage slices from normal rabbits, from rabbits given vitamin A acid, 50 mg per kg, from rabbits given cortisone, 50 mg per kg, and from rabbits given both the vitamin and the steroid were incubated as described above. Results are listed in Table III . All three hydrolases were released to a greater degree from the cartilage of animals given only the vitamin than from the other three groups. This would suggest that vitamin A acted not only upon hepatic lysosomes, but also upon those of cartilage cells. It is of course impossible to determine whether increased synthesis also played a role in such a system.
DISCUSSION
The data presented above support the hypothesis that vitamin A in vivo as well as in vitro (6) causes release of acid hydrolases from lysosomes. This has been shown not only for particles isolated from the liver of rabbits, but also for cartilage slices. Adrenal glucocorticoids inhibited the release of lysosomal enzymes, both in vitro and in vivo. These findings also agree with the hypothesis that one action of cortisol and its analogues is the stabilization of lysosomes against the effects of vitamin A in excess.
The limitations inherent in this isolation procedure of hepatic granules with the presence of numerous mitochondria have been discussed at length elsewhere (8) . Changes in protein concentration caused by various treatments would of course alter the interpretation of results; similar objections could be raised against use of dry weight, wet weight, or DNA measurements as a reference in treated animals.
During these experiments, and in experiments dealing with the effects of endotoxin, shock, and mercury arc irradiation (11) (12) (13) , it has become increasingly apparent that the particles within the large granule fraction may be quite heterogeneous. At low in vivo doses of vitamin A, iil vitro studies indicate a fragility of the particles mainly with respect to acid protease, and very little with respect to beta-glucuronidase. Similarly, both hypervitaminosis A and cortisone pretreatment can reduce the total activity of beta-glucuronidase of the granules, without changing the activity of acid protease or acid phosphatase. Most in vitro experiments in which agents are added to the fractions after isolation indicate a parallel release of all lysosomal enzymes (27) . This was the effect of vitamin A in vitro, and the actions of other in vitro agents on lysosomes such as mechanical disintegration (27) , freezing and thawing (28) , exposure to detergents (27, 28) , and mercury-arc irradiation have been similar. The discrepancy between in vivo and in vitro effects suggests that lysosomes in vivo may respond selectively to various stimuli by release or storage of particular enzymes.
Although hypervitaminosis A may have more general membrane effects than upon the lysosomes alone (29) , it would appear that damage to cartilage matrix and connective tissue (30) may be attributed to release of acid protease from lvsosomes. Lysosomal protease has been studied in acute experiments at pH 4.5 (6) . In longer experiments, however, Dingle has found such enzymes to be active on matrix at near-neutral pH (31) . Since acid proteases are active upon chondromucoprotein in vitro and are released in increased amounts from cartilage removed from hypervitaminotic animals, the above hypothesis would seem warranted. Further evidence is afforded by the histologic similarities between the effects of vitamin A excess and the exogenous protease, papain in vivo (4) and in vitro (5). This plant protease can degrade chondromucoprotein (24) , and upon intravenous injection, papain causes a loss of metachromasia from cartilage (32) . These actions can be simulated by enzyme (s) released from lysosomes by hypervitaminosis A.
A protective effect of adrenal glucocorticoids on isolated granules of rat and rabbit liver has been previously demonstrated against damage caused by ultraviolet irradiation (13) , injections of bac-terial endotoxins (12) , and simple incubation at acid pH (33) . Indeed, several fat-soluble agents, such as vitamin D2, act in vitro to labilize the granules; others, such as cholesterol, act to stabilize them (33) . Thus, a coincidence between the in vitro and in vivo actions of vitamin A as a labilizer and cortisol as a stabilizer can conceivably be fortuitous. However, on morphologic grounds, too, protection of lysosomes by glucocorticoids has been shown against hypervitaminosis A in vivo (8, 9) and in vitro (10) , and against ultraviolet irradiation in vivo (34) and in vitro (35) . Desoxycorticosterone acetate was not effective in such systems. It seems reasonable, therefore, to assume that cortisone acts, at least in part, by stabilizing lysosomes in a variety of situations. Since recent experiments by Janoff and Kaley (36) have indicated that lysosomal enzymes are a potent inflammatory stimulus in the skin of small laboratory animals, the anti-inflammatory action of cortisol and its analogues may also be partially due to a stabilization of lysosomes.
SUM MARY
Vitamin A acid was fed to young rabbits and the activities of three lysosomal hydrolases determined in liver homogenates prepared in 0.25 M sucrose. An excess of the vitamin in vivo caused an increase in the activities of acid protease, betaglucuronidase, and acid phosphatase unsedimentable at 15,000 X g. In vitro incubation and ultraviolet irradiation caused a greater release of acid protease and acid phosphatase from granular fractions prepared (between 800 and 15,000 x g) from hypervitaminotic animals than from control fractions. The simultaneous administration of cortisone largely prevented the change of sedimentability and retarded release of hydrolases from granules. Hydrocortisone in vitro also stabilized the granules against the effects of pretreatment with vitamin A. Cartilage slices prepared from the ears of hypervitaminotic rabbits released significantly more acid hydrolases into the surrounding medium; extracts of their liver granules caused a reduction in the viscosity of chondromucoprotein. These results are compatible with the hypothesis that excess vitamin A releases acid hydrolases from liver and cartilage lysosomes in vivo and in vitro, and that cortisone antagonizes this action.
ADDENDUM
Experiments initiated before the ones described in this paper and confirming an action of excess vitamin A on lysosomes in vivo have recently been reported (37) .
